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α ! 

 
! 

cosα

sinα

tanα =
sin α

cosα
cotan α =

cosα

sinα

−1 6 sinα 6 1 sin(α + 2nπ) = sinα

−1 6 cosα 6 1 cos(α + 2nπ) = cosα

sin2 α + cos2 α = 1 tan(α + nπ) = tanα

(n ∈ Z )

01,!%*$/2 +.*$%!
sin (−α) = − sinα sin

(π

2
− α

)
= cosα

cos (−α) = cosα cos
(π

2
− α

)
= sin α

tan (−α) = − tanα tan
(π

2
− α

)
= cotanα

cotan (−α) = −cotanα cotan
(π

2
− α

)
= tanα

sin (π − α) = sinα cos (π − α) = − cosα

tan (π − α) = − tanα cotan (π − α) = −cotanα

3&*,45/' -6.--$%$&# 7 α, β ∈ R, n ∈ Z 8
cos(α + β) = cosα cosβ − sin α sin β , cos(α− β) = cosα cosβ + sin α sin β

sin(α + β) = sinα cosβ + cosα sin β , sin(α− β) = sinα cosβ + cosα sinβ

tan(α + β) =
tanα + tanβ

1− tanα tanβ
(α, β "# α + β 6= π

2
+ nπ)

tan(α− β) =
tanα− tanβ

1 + tanα tanβ
(α, β "# α− β 6= π

2
+ nπ)

 !.5.:/
sin

(
α +

π

2

)
= cosα , sin (α + π) = − sinα

cos
(
α +

π

2

)
= − sinα , cos (α + π) = − cosα

tan
(
α +

π

2

)
= −cotanα , tan (α + π) = tanα

cotan
(
α +

π

2

)
= − tanα

cotan (α + π) = cotanα3.%&*$'.%$&# /% -!;/5&++/,/#% 7 p, q ∈ R2 n ∈ Z 8
cos p + cos q = 2 cos

p + q

2
cos

p− q

2
, cos p− cos q = −2 sin

p + q

2
sin

p− q

2

sin p + sin q = 2 sin
p + q

2
cos

p− q

2
, sin p− sin q = 2 sin

p− q

2
cos

p− q

2$% p "# q 6= π

2
+ nπ :

tan p + tan q =
sin(p + q)

cos p cos q
, tan p− tan q =

sin(p− q)

cos p cos q

cos p cos q =
cos(p + q) + cos(p− q)

2
, sin p sin q =

cos(p− q)− cos(p + q)

2

sin p cos q =
sin(p + q) + sin(p− q)

2

 4+5$.%$&#2 5$#!.*$'.%$&#&α ∈ R, n ∈ Z '
sin 2α = 2 sinα cosα

cos 2α = cos2 α− sin2 α
= 2 cos2 α− 1 = 1− 2 sin2 α

tan 2α =
2 tan α

1− tan2 α
, α "# 2α 6= π

2
+ nπ

cos2 α =
1 + cos 2α

2
, sin2 α =

1− cos 2α

2

<.5/4*' +.*%$45$=*/'
α ()*+℄ α (◦℄ cosα sin α tanα- -  - -

π/6 30
√

3
2

1
2

1√
3

π/4 45
√

2
2

√
2

2 1

π/3 60 1
2

√
3

2

√
3

π/2 90 0 1 +∞

π/6

π/4

π/3

π/2

0

>$,$%/'
lim
α→0

sin α

α
= 1 , lim

α→0

1− cosα

α2
=

1

2
, lim

α→0

tanα

α
= 1

?*$:&#&,!%*$/
sin α =

Op.

Hyp.
, cosα =

Adj.

Hyp.
, tanα =

Op.

Adj.

sin α

a
=

sin β

b
=

sin γ

c

@-AB C+BD1+B
α

.E α

βγ

FG+&#/#%$/55/ &,+5/G/ 7 θ ∈ R, n ∈ Z 8
eiθ = cos θ + i sin θ./)012" +" 3/%4)" 5 einθ = (cos θ + i sin θ)

n

= cosnθ + i sin nθ

cos θ =
eiθ + e−iθ

2
6 sin θ =

eiθ − e−iθ

2i

tan θ = i
e−iθ − eiθ

e−iθ + eiθ
, θ 6= π

2
+ nπ
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ch x =

ex + e−x

2
, sh x =

ex − e−x

2
, thx =

sh x

ch x
=

ex − e−x

ex + e−x

ch2 x− sh2 x = 1 , ch x > 1 , −1 < thx < 10&*,12/' -3.--$%$&#
ch(a + b) = cha ch b + sha sh b , sh(a + b) = sh a ch b + cha sh b , th(a + b) =

th a + th b

1 + th a th b

ch(a− b) = cha ch b− sha sh b , sh(a− b) = sh a ch b− cha sh b , th(a− b) =
th a− th b

1− th a th b

0.%&*$'.%$&#
ch p + ch q = 2 ch

p + q

2
ch

p− q

2
, sh p + sh q = 2 sh

p + q

2
ch

p− q

2
, th p + th q =

sh(p + q)

ch p ch q

ch p− ch q = 2 sh
p + q

2
sh

p− q

2
, sh p− sh q = 2 sh

p− q

2
ch

p + q

2
, th p− th q =

sh(p− q)

ch p ch q

 !5/2&++/,/#%
cha ch b =

ch(a + b) + ch(a− b)

2
, sha sh b =

ch(a + b)− ch(a− b)

2
, sh a ch b =

sh(a + b) + sh(a− b)

2

 1+2$.%$&#6 2$#!.*$'.%$&#
ch 2a = ch2 a + sh2 a = 2 ch2 a− 1 = 2 sh2 a + 1

sh 2a = 2 sha cha

ch2 a =
ch2a + 1

2
, sh2 a =

ch 2a− 1

2

7/2.%$&#' 1%$2/'
∀n ∈ Z : (cha + sh a)n = ch na + sh na

(cha− sha)
n

= ch na− sh na

ch 2a =
1 + th2 a

1− th2 a
, sh 2a =

2 th a

1− th2 a

th 2a =
2 th a

1 + th2 a
, exp 2a =

1 + th a

1− th a0&#%$&#' 89+/*:&2$;1/' *!$+*&;1/'
Argchx = ln

(
x +

√
x2 − 1

)
, Argshx = ln

(
x +

√
x2 + 1

)
, Argthx =

1

2
ln

1 + x

1− x !"#$ x > 1%  !"#$ x ∈ ]− 1, 1[ %



 !"#$!%& '&'%((%& !"$%!"& '()%*(+& ,"$+)*-..+&
xn , n ∈ Z n xn−1

R
∗

xa , a ∈ R a xa−1
R
∗
+

ux , u ∈ R
∗
+ ux lnu R

ln |x| 1

x
R
∗

loga |x| , a ∈ R
∗
+ − {1}

1

x ln a
R
∗

cosx − sinx R

sin x cosx R

tanx
1

cos2 x
= 1 + tan2 x R−

{π

2
+ πZ

}

ch x sh x R

sh x ch x R

thx
1

ch2 x
= 1− th2 x R

arccosx − 1√
1− x2

]− 1, 1[

arcsinx
1√

1− x2
]− 1, 1[

arctanx
1

1 + x2
R

argchx
1√

x2 − 1
]1, +∞[

argshx
1√

1 + x2
R

argthx
1

1− x2
]− 1, 1[

[a f(x) + b g(x)]
′

= a f ′(x) + b g′(x) , a, b ∈ R

f(ax) = af ′(ax) , a ∈ R

[f(x)g(x)]′ = f ′(x)g(x) + f(x)g′(x)

[
1

f(x)

]′
= − f ′(x)

f2(x)
[
f(x)

g(x)

]′
=

f ′(x)g(x) − f(x)g′(x)

g2(x)

(g ◦ f)
′
(x) = f ′(x) × (g′ ◦ f) (x)

(
f−1

)′
(x) =

1

f ′ ◦ f−1(x)
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(x− a)

α
, a ∈ R , α ∈ R− {1} (x− a)α+1

α + 1
]a, +∞[

1

x− a
, a ∈ R ln |x− a| R− {a}

lnx x (lnx− 1) R
∗
+

eax , a ∈ R
∗ eax

a
R

cosx sinx R

sin x − cosx R

tanx − ln |cosx| R−
{π

2
+ πZ

}

1

cos2 x
tanx R−

{π

2
+ πZ

}

1

sin2 x
− 1

tanx
R− πZ

1

cosx
ln

∣∣∣tan
(x

2
+

π

4

)∣∣∣ R−
{π

2
+ πZ

}

1

sin x
ln

∣∣∣tan
x

2

∣∣∣ R− πZ

ch x shx R

sh x chx R

th x ln (chx) R

1

ch2 x
thx R

1

sh2 x
− 1

thx
R
∗

1

ch x

{
2 arctan (ex)

2 arctan
(
th

x

2

)
= arctan(shx)

R

1

sh x
ln

∣∣∣th
x

2

∣∣∣ R
∗

1

1 + x2
arctanx R

1

a2 + x2
, a ∈ R

∗
+

1

a
arctan

x

a
R

1

1− x2






argthx

1

2
ln

∣∣∣∣
1 + x

1− x

∣∣∣∣

]− 1, 1[

R− {−1, 1}
1

a2 − x2
, a ∈ R

∗
+

1

2a
ln

∣∣∣∣
a + x

a− x

∣∣∣∣ R− {−a, a}
1√

1− x2
arcsinx =

π

2
− arccosx ]− 1, 1[

1√
a2 − x2

, a ∈ R
∗
+ arcsin

x

a
]− a, a[

1√
1 + x2

argshx = ln
(
x +

√
x2 + 1

)
R

1√
a2 + x2

, a ∈ R
∗
+ ln

(
x +

√
x2 + a2

)
R

1√
x2 − 1






argchx

−argch(−x)

ln
∣∣∣x +

√
x2 − 1

∣∣∣

]1, +∞[

]−∞, −1]

R− [−1, 1]

1√
x2 − a2

a ∈ R
∗
+ ln

∣∣∣x +
√

x2 − a2
∣∣∣ R− [−a, a] !"#$%& '()*+,-".+)!* /." /."+)&0 1 ∫ b

a

f ′(x)g(x) dx =
[
f(x)g(x)

]b

a
−

∫ b

a

f(x)g(x)′ dx /
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f(x) f(0) + f ′(0)x +

f ′′(0)

2!
x2 + ... +

f (n)(x)

n!
xn + o (xn)

ex 1 +
x

1!
+

x2

2!
+ ... +

xn

n!
+ o (xn)

ch x 1 +
x2

2!
+

x4

4!
+ ... +

x2n

(2n)!
+ o

(
x2n

)

sh x x +
x3

3!
+

x5

5!
+ ... +

x2n+1

(2n + 1)!
+ o

(
x2n+1

)

th x x− x3

3
+

2x5

15
+ o

(
x6

)

cosx 1− x2

2!
+

x4

4!
+ ... + (−1)n x2n

(2n)!
+ o

(
x2n

)

sin x x− x3

3!
+

x5

5!
+ ... + (−1)n x2n+1

(2n + 1)!
+ o (xn)

tanx x +
x3

3
+

2x5

15
+ o

(
x6

)

(1 + x)
α

, α ∈ R 1 +
α

1!
x +

α(α− 1)

2!
x2 + ... +

α(α − 1)...(α− n + 1)

n!
xn + o (xn)

1

1 + x
1− x + x2 + ... + (−1)nxn + o (xn)

1

1− x
1 + x + x2 + ... + xn + o (xn)

ln(1 + x) x− x2

2
+

x3

3
+ ... + (−1)n−1 xn

n
+ o (xn)

√
1 + x 1 +

x

2
− x2

8
+ ... + (−1)n−1 (2n− 2)!

22n−1(n− 1)!n!
xn + o (xn)

1√
1 + x

1− x

2
+

3

8
x2 + ... + (−1)n (2n)!

22n(n!)2
xn + o (xn)

Arg thx x +
x3

3!
+

x5

5!
+ ... +

x2n+1

(2n + 1)!
+ o

(
x2n+1

)

arctanx x− x3

3!
+

x5

5!
+ ... + (−1)n x2n+1

(2n + 1)!
+ o

(
x2n+1

)

Argshx x− 1

2

x3

3
+

4!

24(2!)2
x5

5
+ ... + (−1)n (2n)!

22n(n!)2
x2n+1

2n + 1
+ o

(
x2n+1

)

arcsinx x +
1

2

x3

3
+

4!

24(2!)2
x5

5
+ ... +

(2n)!

22n(n!)2
x2n+1

2n + 1
+ o

(
x2n+1

).)* o(xn) /"* 0!"$%!" )(1%2."$ lim
x→0

o (xn)

xn
= 0 3



 !#!$%& ! !"#$ %$& '$#$)*& +$ R
3 , ~u =




ux

uy

uz



-
• .*"+)/# &0%0/*$ ,

~u · ~v = uxvx + uyvy + uzvz .

• 1"*2$ ,
||~u|| =

√
~u · ~u =

√
uxux + uyuy + uzuz .

• 3!4%$ $!#*$ +$)5 '$#$)*& θ =
(

̂~u,~v
) 0'$ ~u 6= ~0 $# ~v 6= ~0 ,
cos θ =

~u · ~v
||~u|| ||~v|| .

• .*"+)/# '$#"*/$% ,
~w = ~u× ~v 0'$ ~w =




uyvz − uzvy

uzvx − uxvz

uxvy − uyvx



 . ! 0 ~w ⊥ ~u $# ~w ⊥ ~v 0/!&/ 6)$ ||~w|| = ||~u|| ||~v|| | sin θ| 0'$ θ =
(

̂~u,~v
)-

• 7")8%$ 9*"+)/# '$#"*/$% ,
~u× (~v × ~w) = (~u · ~w)~v − (~u · ~v) ~w ,

(~u× ~v)× ~w = (~u · ~w)~v − (~v · ~w) ~u .

• .*"+)/# 2/5#$ , "! !"#$ (~u,~v, ~w ) = (~u× ~v ) · ~w: "! 0
(~u,~v, ~w ) = (~w, ~u,~v ) = (~v, ~w, ~u )

= (uxvywz + uzvxwy + uyvzwx)− (uxvzwy + uyvxwz + uzvywx) .;0 '0%$)* 08&"%)$ +) 9*"+)/# 2/5#$ $&# <40%$ 0) '"%)2$ +) 90*0%%<%<9/9=+$ $!4$!+*< 90* %$& '$#$)*&
~u: ~v $# ~w-
• >$%0#/"!& )#/%$& ,

~u× (~v × ~w ) + ~v × (~w × ~u ) + ~w × (~u× ~v ) = ~0 ,

(
~a×~b

)
·
(
~c× ~d

)
=

(
~a · ~c

)(
~b · ~d

)
−

(
~a · ~d

)(
~b · ~c

)
,

(
~a×~b

)
×

(
~c× ~d

)
=

[(
~a×~b

)
· ~d

]
~c−

[(
~a×~b

)
· ~c

]
~d

=
[(

~c× ~d
)
· ~a

]
~b−

[(
~c× ~d

)
·~b

]
~a .



 !"#$%&'#( )*+"#&,%*&-( )& -.$,$-/(& 0&%2#*&--& ! #!$%&'() p *! + ,-./ $-0-%() 12 3)$4 5 &%() *!) -//0%-4%#! &) R
3 &-!$ R )4 ~A *! + ,-./6)4#(%)0 12 3)$4 5 &%() *!) -//0%-4%#! &) R

3 &-!$ R
3 7

p : R
3 −→ R ,

(x, y, z) 7−→ p(x, y, z)

~A : R
3 −→ R

3

(x, y, z) 7−→ ~A(x, y, z)#8 0)$ #./#$-!4)$ &) ~A2 !#49)$ Ax2 Ay )4 Az2 $#!4 &)$ :#!4%#!$ &) (x, y, z);
•  /9(-4)*( <6)4#(%)0= >(-&%)!4

−−→
gradp =

∂p

∂x
~ux +

∂p

∂y
~uy +

∂p

∂z
~uz .

•  /9(-4)*( <6)4#(%)0= (#4-4%#!!)0
−→
rot ~A =

(
∂Az

∂y
− ∂Ay

∂z

)
~ux +

(
∂Ax

∂z
− ∂Az

∂x

)
~uy +

(
∂Ay

∂x
− ∂Ax

∂y

)
~uz .

•  /9(-4)*( <$-0-%()= &%6)(>)!)
div ~A =

∂Ax

∂x
+

∂Ay

∂y
+

∂Az

∂z
.

• ?-/0-%)! $-0-%()
∆p = div

(−−→
gradp

)
=

∂2p

∂x2
+

∂2p

∂y2
+

∂2p

∂z2
.

• ?-/0-%)! 6)4#(%)0
∆ ~A = ∆Ax ~ux + ∆Ay ~uy + ∆Az ~uz .

• @(#/(%949$
−→
rot

(−−→
gradp

)
= ~0 , div

(−→
rot ~A

)
= 0 , ∆ ~A =

−−→
grad

(
div ~A

)
−−→rot

(−→
rot ~A

)
,

∆(fg) = g∆f + 2
−−→
gradf · −−→grad g + f∆g .

• A,9#('.) &3 $4#>(-&$BC < !"#$%&'()'*' =
S 94-!4 *!) $*(:-) :)(.9) 0%.%4-!4 0) 6#0*.) V 7 ∫∫

S

~A · ~n dS =

∫∫∫

V

div ~AdV .

• A,9#('.) &) D4#B)$ <%(!,-.%/*#(/.-.%/**', =
C 94-!4 *!) #*(E) :)(.9) 0%.%4-!4 0- $*(:-) S 7 ∮

C
~A · d~ℓ =

∫∫

S

−→
rot ~A · ~n dS .

• 01'!$/#&'.'!( !-E0-
−→
∇ =

0

B

B

B

B

B

B

B

@

∂

∂x

∂

∂y

∂

∂z

1

C

C

C

C

C

C

C

A

−→

8

>

>

>

>

<

>

>

>

>

:

−−→
grad ≡

−→
∇

div ≡
−→
∇·

−→
rot ≡

−→
∇×

−−→
grad p =

−→∇ p ,
−→
rot ~A =

−→∇ × ~A , div ~A =
−→∇·

~A .



 !"#$%&" '& ))*')++,&" !"#$%&'(('%  )*&(+"&,-'% ./0$"&,-'%
(x, y, z) (ρ, ϕ, z) (r, θ, ϕ)

 !
x

y

z

x

y

z

 !
x

y

z

ρ

ϕ

z

 !
x

y

z

r

ϕ

θ

"#$% &'#&%
 

x

y

z

~ex

~ey

~ez

 
x

y

z

~eρ

~eϕ

~ez

ρ

ϕ

 
x

y

z

~er

~eϕ

~eθrθ

ϕ)%*%+, -'$.*.'/
~r =

−−→
OM = x~ex + y ~ey + z ~ez ~r =

−−→
OM = ρ~eρ + z ~ez ~r =

−−→
OM = r ~er





x = ρ cosϕ
y = ρ sinϕ
z






x = r sin θ cosϕ
y = r sin θ sinϕ
z = r cos θ)'&+0% 1&10%/*#.,%

dV = dxdy dz dV = ρ dρ dϕdz dV = r2 sin θ dr dθ dϕ -1,#*%+, 2,#3.%/*
−−→
gradf =

∂f

∂x
~ex +

∂f

∂y
~ey +

∂f

∂z
~ez

−−→
grad f =

∂f

∂ρ
~eρ +

1

ρ

∂f

∂ϕ
~eϕ +

∂f

∂z
~ez

−−→
grad f =

∂f

∂r
~er +

1

r

∂f

∂θ
~eθ +

1

r sin θ

∂f

∂ϕ
~eϕ -1,#*%+, 3.4%,2%/%

div ~A =
∂Ax

∂x
+

∂Ay

∂y
+

∂Az

∂z
div ~A =

1

ρ

∂(ρAρ)

∂ρ
+

1

ρ

∂Aϕ

∂ϕ
+

∂Az

∂z
div ~A =

1

r2

∂(r2Ar)

∂r
+

1

r sin θ

∂(sin θAθ)

∂θ

+
1

r sin θ

∂Aϕ

∂ϕ -1,#*%+, ,'*#*.'//%&
−→
rot ~A =

(
∂Az

∂y
− ∂Ay

∂z

)
~ex

−→
rot ~A =

(
1

ρ

∂Az

∂ϕ
− ∂Aϕ

∂z

)
~eρ

−→
rot ~A =

1

r sin θ

(
∂(sin θAϕ)

∂θ
− ∂Aθ

∂ϕ

)
~er

+

(
∂Ax

∂z
− ∂Az

∂x

)
~ey +

(
∂Aρ

∂z
− ∂Az

∂ρ

)
~eϕ +

(
1

r sin θ

∂Ar

∂ϕ
− 1

r

∂(rAϕ)

∂r

)
~eθ

+

(
∂Ay

∂x
− ∂Ax

∂y

)
~ez +

1

ρ

(
∂(ρAϕ)

∂ρ
− ∂Aρ

∂ϕ

)
~ez +

1

r

(
∂(rAθ)

∂r
− ∂Ar

∂θ

)
~eϕ -1,#*%+, &#-&#.%/ $#&#.,%
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 !"#$%"$&# '()#*+,&# -%"# .& #)#$/0& 12 !"  !!"#$$" %&'&)*'&!)+,-$..$/,*&!0*!&$ !"!#$%! &' "( ")*$+#' &(,- "' .$&' c = 299 792 458 m s−1 !"#$$# %& $'( %)($ *+)!, %)($ *#$ -./0 331 m s−11'(%!"!'($ (',3)*#$ %# "#345,)"&,# #" %# 4,#$$!'(60,#$$!'( )"3'$475,!8&# 101325 Pa-'($")("# %# 9,):!")"!'( &(!:#,$#**# G = 6, 674 28 10−11 m3 kg−1 s−2;5*5,)"!'( (',3)*# %# *) 4#$)("#&, < *) $&,=)#%# *) /#,,# 9, 806 65 m s−20#,3!"!:!"5 5*#",!8&# %& :!%# ε0 = 8, 854 187 817 10−12 Fm−1

1

4πε0
≈ 9 109 F−1 m0#,35)>!*!"5 3)9(5"!8&# %& :!%# 1µ0ε0c

2 = 16 µ0 = 12, 566 370 614 10−7 NA−2

= 4π 10−7 NA−2?)$$# :'*&3!8&# %# *+)!, %)($ *#$ -./0 1, 293 kg m−30'!(" %# =&$!'( %# *) 9*)# 0 ◦C = 273, 15 K@(!"5 %# 3)$$# )"'3!8&# 1 u = 1, 660 538 782 10−27 kg '*&3# 3'*)!,# %& 9)A 4),=)!" (',3)* 10 ◦CB C )"36 V 0
m = 22, 413 996 10−3 m3 mol−1.'3>,# %+;:'9)%,' N = 6, 022 141 79 1023 mol−1-'($")("# %#$ 9)A 4),=)!"$ R = 8, 314 472 J mol−1 K−1-'($")("# %# D'*"A3)(( 1kN = R6 k = 1, 380 6504 10−23 J K−1-7),9# 5*53#(")!,# 17),9# 5*#",!8&# %& 4,'"'(6 e = 1, 602 176 487 10−19 C-'($")("# %# E),)%)F 1F = N e6 F = 96 485, 3399 C mol−1-'($")("# %# 0*)(G h = 6, 626 068 96 10−34 J sH&)("&3 %# 3'3#(" !(5"!8&# 1~ = h

2π
6 ~ = 1, 054 571 628 10−34 J s?)$$# %# *+5*#",'( )& ,#4'$ me = 9, 109 382 15 10−31 kg?)$$# %& 4,'"'( )& ,#4'$ 1mp ≈ 1836 me6 mp = 1, 672 621 637 10−27 kg?)$$# %& (#&",'( )& ,#4'$ mn = 1, 674 927 211 10−27 kgI)F'( J *)$$!8&# K %# *+5*#",'( 1r0 = 1
4πε0

e2

mec2 6 r0 = 2, 817 940 2894 10−15 mI)F'( %# D'7, %# *+)"'3# %+7F%,'9L(# %)($ $'(5")" ='(%)3#(")* 1a0 = ε0h2

2mec2 6 a0 = 0, 529 177 208 59 10−10 m?)9(5"'( %# D'7, 1µB = eh
4πme

6 µB = 927, 400 915 10−26 J T−1-'($")("# %# IF%>#,9 *!3!"# 1R∞ = mee4

8ε3

0
h3c

6 R∞ = 1, 097 373 156 8527 107 m−1CMCNOP 0) Q C )"3 Q C >), Q RSM 33T9 B 1 U = 10−10 m V !"#$%&%#) → 101 $F3>'*# %) %#! → 10−1 $F3>'*# %7#"' → 102 7 #("! → 10−2 G!*' → 103 G 3!**! → 10−3 33#9) → 106 ? 3!,' → 10−6 µ9!9) → 109 W ()(' → 10−9 ("#,) → 1012 / 4!' → 10−12 44#") → 1015 0 =#3"' → 10−15 =#X) → 1018 Y )""' → 10−18 )



 !"#$% &' %(%#)*+ "!#+,!-#".!-/ +# '!"#$% &$,"0$+%
 !"#$% &' ()%' &* %+%#,-' "!#'.!)#"/!)0 !" #$%&'" (! )*"! "+$& *# $+,)-! (! "!.& /

•  ! ,0&-! 1,23 #$%&' (! 4+$5#!#-
•  ! 6%4+5-*,,! 16523 #$%&' (! ,*""!
•  * "!+$(! 1"23 #$%&' (! (#-'!
•  8*,.0-! 1923 #$%&' (8%$&!$"%&' (! +#-*$& '4!&-%:#!
•  ! 6!4;%$ 1<23 #$%&' (! &!,.'-*&#-!
•  * ,+4! 1,+423 #$%&' (! :#*$&%&' (! ,*&%0-!
•  ! *$(!4* 1(23 #$%&' (8%$&!$"%&' 4#,%$!#"! !"#$% &$."1$'%2.)!&'*. 3/- 4+-(/0' 567.'%%"/! 8 09)"&' 567.'%%"/! 8 09)"&'&9)*#.'% *!"#$% &'% *!"#$% &' ()%'=-':#!$! >!-&? @? "−1=+-! $!A&+$ B 65 , "−2C-!""%+$ .*"*4 C* B ,−2 65 ,−1 "−2D$!-5%! E+#4! F B , 65 ,2 "−2C#%""*$! A*&& G F "−1 65 ,2 "−3H>*-5! '4!&-%:#! +#4+,) H " 9I!$"%+$ '4!&-%:#! ;+4& J F H−1 65 ,2 "−3 9−1K'"%"&*$! '4!&-%:#! +>, Ω J 9−1 65 ,2 "−3 9−2H+$(#&*$! '4!&-%:#! "%!,!$" L 9 J−1 65−1 ,−2 "3 92H*.*%&' '4!&-%:#! M*-*( = H J−1 65−1 ,−2 "4 92N$(#&%+$ ,*5$'&%:#! &!"4* I J " ,−2 65 "−2 9−1=4#O (8%$(#&%+$ ,*5$'&%:#! A!)!- G) J " 65 ,2 "−2 9−1N$(#&*$! '4!&-%:#! >!$-P @ J " 9−1 65 ,2 "−2 9−2I!,.'-*&#-! (!5-' H!4"%#" ◦H <9$54! .4*$ -*(%*$ -*( "*$" (%,!$"%+$9$54! "+4%(! "&'-*(%*$ "- "*$" (%,!$"%+$=4#O 4#,%$!#O 4#,!$ 4, ( "- (D4*%-!,!$& 4#,%$!#O 4#O 4O ( "- ,−2 ( ,−29&%;%&' 1-*(%+*&%;!2 )!:#!-!4 Q: " −19&%;%&' *&*4P&%:#! 6*&*4 6*& ,+4 " −1:*#.'% *!"#$% /*.)!#'%3/- 4+-(/0' <)0'*.*$5"&-R, S 10−10 ,*$$'! 4#,%0-! *4 ≃ 9, 46 1015 ,.*-"! . ≃ 3, 09 1016 ,(!5-' ◦ ≃ T3TUV WXY -*(6%4+A*&&>!#-! 6G> 3, 6 106 F'4!&-+$;+4& !J ≃ 1, 6 10−19 F6%4+*4+-%! 6*4 ≃ U3UZX X F*&,+".>0-! *&, UTUY[X C*,%44%,0-! (! ,!-#-! ,,@5 ≃ UYY3Y[[ C*


